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Abstract 
 This paper discusses the mechanical design and simulation of a square hole producing tool based on Reuleaux Triangle. The 
main aim of this paper is to investigate how a circular motion can be converted into a square motion by purely a mechanical 
linkage; an application of which is to construct a special tool that drills exact square holes. A geometrical construction that fulfills 
the laid objective is Reuleaux Triangle. Additionally, for this geometry to work from a rotating drive (such as a drill press) one 
must force the Reuleaux triangle to rotate inside a square, and that requires a square template to constrain the Reuleaux triangle 
as well as a special coupling to address the fact that the center of rotation also moves. The practical importance of this 
enhancement is that the driving end can be placed in a standard drill press; the other end, when restricted to stay inside the 
ambient square, will yield a perfectly square locus and this can be turned into a working square-hole drill. The developed design 
had a success rate of 98.7% i.e it removed approximately 98.7% area of the desired square. The fabrication of the developed 
design in this paper has been done on Steel (EN8) that is ideal for soft surfaces but if harder materials are used, hard surfaces 
application is also possible. 
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1.1.Introduction: 
 
 The Reuleaux Triangle is one example of a wide class of geometrical discoveries like the Mobius strip that 
did not find many practical applications until relatively late in humankind’s intellectual development. Not until 
around 1875, when the distinguished German mechanical engineer Franz Reuleaux discussed the famous curvy 
triangle, that it started being used in numerous mechanisms [Watts Brothers Tool Works].  
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Although Franz Reuleaux was not the first to draw & consider the shape formed from the intersection of 
three circles at the corners of an equilateral triangle, he was the first to demonstrate its constant width properties and 
the first to use the triangle in numerous real world mechanisms. The width of a closed convex curve in a given 
direction is the distance between two parallel supporting lines perpendicular to that direction. A set of constant 
width b has the same width in all directions. Besides the circle, the best known closed convex curve of constant 
width b is the Reuleaux triangle of width b, i.e., a set in R2 whose boundary consist of three congruent circular arcs 
of radius b. See Fig 1. below. The Blaschke Lebesgue Theorem states that the Reuleaux triangle has the least area of 
all plane convex sets of the same constant width b. The minimum area is ((π-√3)/2)b2. This theorem was first proved 
independently by Blaschke [W. Blaschke] and Lebesgue[H. Lebesgue 1963]. Besicovitch [A. S. Besicovitch], 
Chakerian [G. D. Chakerian 1996], and Eggleston [H. G. Eggleston 1952 H. G. Eggleston 1958] contain a proof of 
the Blaschke-Lebesgue theorem.  
Optimal control theory can be applied to geometric extremum problems for plane curves as follows: The 
functional for which extrema are examined are geometric invariants such as area or perimeter. The system of 
ordinary differential equations for the control theory formulation is de-rived from the Frenet-Serret formulas, and 
the control parameter is curvature.  
Klotzler [Francis C. Moon] has used optimal control theory to study n-orbiforms. These are convex planar 
domains which can be rotated inside a regular n-gon under tangential contact on all sides. Plane sets of constant 
width can be rotated inside a square with tangential contact on all sides.           
                                                    
 
                                                                                  Fig 1. Reuleaux triangle. 
 
But use of this curve and its special properties for producing polygonal hole was given by Sir James Watts 
in 1914[Barry Cox and Stan Wagon]. And this geometry has been constantly evolving from that day to exactly 
reproduce the square in which it revolves. Many works has been carried out but they differ in their applicability.  
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1825 Shailesh S. Sengar et al. /  Procedia Materials Science  6 ( 2014 )  1823 – 1836 
 
Fig 2 . Franz Reuleaux’s original drawing [Watts Brothers Tool Works] 
 
Considering the present project, A bit that drills square holes ... it defies common sense. How can a 
revolving edge cut anything but a circular hole? Not only do such bits exist but they derive their shape from a simple 
geometric construction known as a Reuleaux triangle (shown above). This is elaborated further in the present paper 
with its own set of mechanical linkages which differ from past in their application. 
Until now, it seems as this tool is possible and is being used in the manufacturing industry. But the point where this 
project differs from the visualized mechanism is that Sir James Watt did gave a method of producing square hole by 
using Reuleaux triangle as the tool but it was guided by a patented floating chuck for providing rotation to the centre 
of triangle which was a necessary constraint. The present tool uses the same Reuleaux profile to cover the cutting 
edge but the driving mechanism is different and is self- visualized. Thus, the main idea developed here is use of this 
curve as the main cutting tool and driving the same through a different mechanism for fulfilling the required 
constraints of motion as discussed in the following pages. 
1.2.Problem Statement 
 
There are very limited options available in manufacturing if the geometry of an operation which is to be cut on a 
part is non-circular. In the present manufacturing processes, square hole are produced by Press working, Broaching, 
Non-conventional machining process like Wire EDM, Laser cutting, etc.  
Material removal in electrical discharge machining (EDM) entails the generation of debris in the working gap that 
comprises eroded electrode particles and by-products of dielectric decomposition [Kunieda, M., Lauwers, B., 
Rajurkar, K.P., Schumacher, B.M 2005]. Uniformly distributed gap contamination of a certain  threshold is desirable 
in the interest of discharge initiation; however, excessive debris concentration confined to isolated domains in the 
gap due to insufficient flushing leads to repeated localization of the discharge location. This has unfavourable 
ramifications on process stability, and the geometry and integrity of the machined surface. Adequate gap flushing is 
therefore decisive in terms of both machining productivity and the quality of the machined surface.  
Flushing could be accomplished by forced flow of the dielectric fluid through holes in the tool, but flushing holes 
leave their footprints on the machined surface, as the work shape generated in EDM is complementary to that of the 
tool. Flushing could alternatively be through microholes specially fabricated in the tool [Shibayama, T., Kunieda, T 
2006]. In the instance that it is infeasible to provide flushing holes in either of the electrodes, the dielectric could be 
directed at the gap in the form of a jet from outside the machining zone. This technique is not effective when the 
machined depth or the frontal machining area is large: conditions that pertain to an acute need for good flushing. 
Another approach to flushing is to introduce a secondary motion between the tool and the workpiece. In the jump-
EDM process, the tool is periodically retracted off the gap to allow for the removal of the contaminated dielectric. 
Tool motion can further be extended to more than one axis [Masuzawa, T., Heuvelman, C.J 1983], in which case the 
tool and the workpiece essentially constitute a pump that constantly regenerates the gap. These techniques are 
limited by the additional tool movement representing lost machining time.  
Other techniques that invoke a relative motion between the tool and the workpiece include planetary EDM [Levy, 
G.N., Ferroni, B 1976., Staelens, F., Kruth, J.P 1989., Yu, Z.Y., Rajurkar, K.P., Shen, H 2002], which involves a 
lateral translation of the tool that is geometrically similar to the machined shape, and processes that employ rotating 
disk-shaped tools. The introduction of computer numerically controlled (CNC) sinkers of late have spurred electrical 
discharge milling technology [Rajurkar, K.P., Yu, Z.Y 2000], which employs rotating tools of a simple cylindrical 
shape that follow a programmed path to machine a cavity, similar to end-milling operations Rotating tools are 
beneficial in terms of inducing flushing and evenly distributing tool wear, but they rule out the machining of sharp 
corners. Fine features could be generated with rotating tools of an appropriate radius, but their application is not 
productive as the limited engagement restricts the maximum machining power, and hence the removal rate. 
 In this context, the present work relates to the design and implementation of novel tool kinematics motivated by the 
concept of a Reuleaux Triangle (RT). The technique utilizes rotating curvilinear tools for sinking regular and non-
regular polygonal cavities with sharp corners, with a view to enhancing  gap flushing while concurrently 
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maximizing the frontal machining area. The work is a step towards exploiting the capability of modern multi-axis 
CNC ram EDM. The concept can also enhance electrochemical machining performance [Rajurkar, K.P., Zhu, D 
1999].  
A constraint of the thickness of the component is there if press working or laser is used. As thickness further 
increases than we switch to other processes such as broaching which is a costlier process. Wire EDM is also used if 
broaching is not practical and it gives quality result with excellent surface finish, but every process has its limitation 
and advantages.  If the thickness criteria is not allowed to control the process and still a blind one take square hole is 
needed, then this gives the limit of these processes. Thus, there should be a tool which can directly provide the 
required cutting and is attachable to present manufacturing machines with ease and accuracy. If such a tool is readily 
available and is economical to use, it will definitely affect directly or indirectly in a positive way to the machining 
industries and also to the consumer.  
1.3.Need & Advantage  
The Polygonal holes made by drilling instead of broaching are better in many ways.[ R. Klotzler 1975]  
1.) If holes are drilled rather than Broached or press worked then stronger and better components can be made.  
2.) Broaching is practical if large quantities of component are required. So, Drilling is advantageous as smaller 
quantities can be manufactured economically.  
3.) There is no need of Broaching undercuts and also the hole will have a flat unimpeded bottom. 
 These advantages show themselves in the manufacture of stamping dies, socket head screws, socket head wrenches, 
collets, etc. Another typical application is on outboard motor propellers. Square boring tools may be mounted in 
boring tool holders, hexagon head bolts may be countersunk and made captive, square sections may be joined as for 
stair rails, etc.[ Smart, James R.,January 1986] 
 
2.Literature Review 
A RT is a shape made from arcs of circles centered at the vertices of an equilateral Triangle. To construct a RT, 
firstly, we make an equilateral triangle of side ‘s’ see in Figure.Now, with a radius equal to ‘s’ and the center at one 
of the vertices, draw an arc connecting the other two vertices. Similarly, draw arcs connecting the endpoints of the 
other two sides. These three arcs form the ‘Classic Reuleaux Triangle’. One of its properties is that of constant 
width, meaning the figure could be rotated completely around between two parallel lines separated by distance s as 
shown in below figure 3. 
 
Fig 3 - The locus of vertex of the RT is almost a square.[19] 
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2.1.Determination of distance of centre from sides:-  
The centroid of the triangle from which RT is made is not at the same distance from the three sides of reuleaux and 
this can be shown by simple geometrical analysis. The following equations will explain the phenomena correctly, 
Let us take an equilateral triangle of side ’s’ as shown in the figure. In the right angled triangle ACR, 
[ www.mathworld.com/reuleaux properties] 
 AC= s 
AR= s/2 
CR= s/2*√3 
Considering ▲ACD, 
AP= 2/3 CR = 2/3*s/2*√3 = 0.577 s                                                                                             
Considering Reuleaux triangle, 
BP= s-AP = s-0.577s = 0.423s 
 
                                                            
 
 
                                                                       Fig 4- Distance of centre from both sides[22] 
 
As, BP is not equal to AP, this shows that the centroid of triangle is not at equal distance from all points of 
Reuleaux. This also leads to a distinguished fact that if this figure is rotated inside a square then its centre of rotation 
will not be a fixed one instead it will also revolve around an invisible centre. 
2.2.Determination of eccentricity of the centroid of RT from its original centre of rotation:-  
             The geometric centroid does not stay fixed as explained above, nor does it move along a circle. In fact, the 
path consists of a curve composed of four arcs of an ellipse. For a bounding square of side length 2, the ellipse in the 
lower-left quadrant has the parametric equations [ http://en.wikipedia.org/wiki/Coupling]. 
 The kinematics of a RT, which is rather counterintuitive, can be elucidated with the aid of Figure 1. The 
construction of a RT involves the frame of an equilateral triangle 123 of side length s, the sides of which are 
replaced by circular arcs 12, 23 and 31 of identical radius s that are centered on vertices 3, 1 and 2, respectively. The 
RT can rotate inside a square, and as it rotates clockwise such that vertex 1 traverses the first quadrant, it traces the 
path A'B'C'D'. Segments A'B' and C'D' are linear while segment B'C' is part of an ellipse with its major axis oriented 
at 45º to the X-axis and centered at point Q in the third quadrant.                                             
R 
c 
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                                                                                     Fig 5. Elements of RT Kinematics 
       
 
For the position of the RT shown in Figure 1, its centroid P is located at A. The clockwise motion of vertex 1 along 
A'B', B'C' and C'D' corresponds to the counter clockwise motion of P along AB, BC and CD, respectively. Each of 
these segments that constitute the orbit is part of an ellipse; for instance, path AB is part of an ellipse with its major 
axis oriented at 135º to the X-axis and centered at point R in the fourth quadrant. Path AB of centroid P is defined 
by the   parametric equations: 
                          
 
 
where α is the angle between the side of the equilateral triangle and the linear segment traced (say 31 and A'B'), 
which varies from 60º to 30º as P moves from A to B, corresponding to vertex 1 translating from A' to B. Segments 
BC and CD of the orbit can be obtained by symmetry. For every complete rotation of the RT inside the square, its 
centroid therefore orbits thrice in the opposite direction. Equations (1) and (2) imply that the orbit is bounded by a 
square of side 0.16 s. Additional mathematical details and an animation can be found in Reference [Weisstein, E.W].  
                                                                        
 
                                    Fig 6 - Centre movement and governing ellipse in third quadrant[8] 
Similarly, the governing equations for other three ellipses are found. This is shown in above figure. One can note 
that the centre is not a circle instead a figure made of four ellipses. So, this gives the need of a special mechanism 
which not only allows this centric movement but also guides the relative motion between main chuck and the cutting 
tool [www.wikipedia.com/reuleauxtriangle]. 
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3.Principle & Working:  
The main idea behind manufacturing a special tool for fulfilling the laid objective is to make a mechanism which 
will transform the rotational motion of a shaft about its longitudinal axis to a revolving motion around the same axis 
in a given profile which is confined by four governing ellipse at each corner having their centre at the vertices of a 
confining square which will guide the tool in desired profile keeping the rotation intact. This will lead to the cutting 
of the square geometry as needed for the purpose. The rotation of tool with the same rpm as that of the chuck in 
which it is placed is necessary as it has to overcome a large amount of force to cut a metallic component. Revolution 
becomes an integral part as the Reuleaux centre is not fix and it has to move in a profile which is made by those four 
ellipses. After following the basic principle, a need arises to put all the components together without compromising 
the working of each and the tool as a whole. This is explained with suitable diagrams and wherever necessary with 
block diagram 
3.1.Working 
Tool working has been laid on the above principle providing basic as well as advancement as and when applied. The 
basic working of the tool can be understood in a simple way with a block diagram giving the necessary details and 
actions as given below. 
 
 
 
                          
 
 
 
 
 
                                         Connecting Casing (to provide fixing base) 
 
                                                                    Fig 7 – Block Diagram of the whole mechanism 
 
 
1.Spindle shaft – This is the rear portion of the tool which is directly attached to the normal chuck in a drill press or 
lathe. It provides the base for the longitudinal placement of tool with accuracy as its axis would be the defining axis 
of the tool whose placement will confine the overall tool movement. It will take the rpm as given by the machine 
and drives the tool. The first part of the oldham coupling extruded in other direction, for providing place for the 
attachment of grooved part as shown in figure, is made complimentary to this shaft. 
 
Fig 8 – Spindle shaft and its component 
2.  Oldham Coupling – This is the base of the revolution movement necessary for the tool to follow square path and 
generate the required dimension. The primary function of this coupling is to provide the rotational motion as output 
Cutting 
tool 
Spindle shaft 
having rotary 
motion on single 
axis 
Oldham 
Couplin
g 
Guiding 
Mechanism 
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which it is getting as an input form the machinery. The secondary but equally important function is to provide a link 
which allows for the centric movement of the Reuleaux guiding triangle which inturn will guide the square cutting 
tool. These two basic functions are fulfilled by using an Oldham coupling whose first extruded part is attached with 
spindle shaft and the second grooved part from both side is free to move inside the casing but keeping both extruded 
parts always in contact for proper transfer of rpm. The third part of the coupling forms the secondary shaft that will 
take the cutting tool on it. 
3.  Guiding Mechanism – It is divided into three basic parts. The first among these is a circular outer diameter part 
having a square profile inside, which is equal in dimension to the cutting tool. As its movement is undesirable so this 
part is fixed with the help of casing. This works as the guiding geometry for the reuleaux curve to rotate inside it 
together with rotation of its centre. The second part is the reuleaux that revolves inside the guiding square, this is the 
component which is co-axial to tool and provides replica of the traced profile to tool. The third part is not exactly for 
the guiding purpose but it puts a limit to the Reuleaux in longitudinal direction and also helps in keeping both 
components in contact with each other at proper location. 
 
Fig 9- Middle part of the coupling 
 
4.  Cutting Tool– This is the main component on which the working of the whole mechanism is dependent because 
it is that part which has to actually trace the square and cut the material while following the traced path. The base 
figure for the cutting tool is same as the guiding Reuleaux but it is further modified to keep a factor of safety for 
certain cutting parameters. The profile is based for the maximum removal of chip without disturbing the geometry of 
the tool. A taper is provided in the inner side of the cutting edge for maximum metal removal without hampering the 
edge. The edge is made sharp for proper cutting to take place. If a key way is attached to fit this part into the main 
assembly, then, different dimensions and depth can be achieved just by changing the required configuration of this 
part and not the whole tool. But for the purpose of simplicity and safety, it has been taken of the same dimensions 
and thickness as the guiding part as explained above. 
 
Figure 10- Assembly with guiding mechanism 
 
5.  Connecting Casing - It is a hollow circular section that is used to provide a fixing base for the guiding square as 
well as to the supporting component on one side. On the other side, it is attached to the spindle shaft by a supporting 
1831 Shailesh S. Sengar et al. /  Procedia Materials Science  6 ( 2014 )  1823 – 1836 
component. As the spindle shaft is in rotation so it cannot be directly attached to the casing, so a bearing is used on 
the inner periphery of the support to allow rotation and fixing both in a single step. The casing also provides a way 
to enclose the moving parts of the mechanism and also acts as a limit switch for giving vertical movement upto a 
defined value only. If this value is exceeded then the whole assembly will get in contact with the casing and the 
motion will stop.  
 
Figure 11- Connecting Casing  
 
 
Design and Fabrication 
This  bill of  material consist of the first section of the tool which includes the spindle shaft, middle part of the 
coupling and the cutting tool shaft.  The length are as follows:- 
1.) Spindle shaft- 118 mm 
2.) Middle part- 40 mm 
3.) Cutting tool shaft- 65 mm  
 
Table 1:- BOM of coupling section 
Bill of Material of coupling section 
Item No. Part Name Part Description Qyt. 
1 Spindle shaft 
 
1 
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 The First and the last part are exactly same from radial point of view. Only difference being of the tongue. Both 
have tongue exactly 90 degree to each other.also the shaft length and various step provided are different. 
 
 
Table 2:- BOM of Casing & its components 
Bill of Material of Casing and attached components 
Item No. Part Name Part Description 
 
Qyt. 
1 Casing 1 
2 Middle part 
 
 
1 
3 Cutting tool shaft 
 
 1 
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2 Bearing   1 
3 Support for bearing   1 
 
This consist of the main stepped casing along with the bearing and support in which the bearing rests. The length of 
the casing is approx. 110 mm. and the other parts dimensions are in accordance with the shafts and the casing. 
 
Table 3:- BOM of Main tool and guiding components 
Bill of Material of Cutting tool and the Guiding mechanism 
Item No. Part Name Part Description Qyt. 
1 Cutting Tool 
 
1 
2 Guiding Square 
 
1 
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This includes the main cutting tool with the guiding mechanism. The guiding tools include the square component 
and the guiding RT. All the three components have the same width of 12 mm. And these are attached on the cutting 
tool shaft at proper steps provided for the same purpose. 
The component of the Table 1 and 2 were manufactured by the machining on the Lathe machine followed by the 
grinding process. In some of the parts, drilling is also performed as and when required.The components of the Table 
3 were manufactured on the wire EDM machine as these were complex to generate on the lathe. The process 
parameter of the cutting tool only is provided below as it was the most complex and others were similar in 
construction. The software used for programme generation and implementation is ELCAM. Programme is not 
needed as it was auto generated when the drawing was made in this software and the drawing is shown below. 
Cutting Tool Parameters 
 
Figure 12- Cutting Tool 
 
Table 4: Process parameter for job 1  
S. No Process Parameter Measurement 
1 Current (Amp) 100 
3 Guiding Reuleaux 
 
1 
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2 Voltage (Volt) 23 
3 Water Pressure (lps) 0.7 
4 Wire Feed (m/min) 8 
5 Wire Tension (N/m) 9 
6 Servo Voltage (Volt) 20 
7 Taper (Deg.) 8 
8 Offset 0.16 
9 Velocity (mm/min) 1.90-2.53 
10 Total length (mm) 185.34 
11 Total Time (min) 82.37 
12 Wire diameter of EDM (mm) .25 
 
Results:  
The tool developed is approximately 228 mm in length and it is slightly heavy with approx. weight of 3kg. The 
cutting tool after proper assembly and installation is found to be accurate upto 98.77%. That is, it is able to cut a 
square profile with approximately 98.77% area of the original square with same dimensions as that of the cutting 
tool. The remaining 1.33% which is not cut is present on the four corner of the square in an arc form.  
Working of the present tool is checked on a hollow square block filled with wax. It is not employed on the workshop 
material as it is made with mild steel (EN-8) as the base material. So, it does not have the required hardness to be 
able to check on market materials.  
The main aim was to observe the feasibility of the mechanism in fulfilling the required motion and to check its 
employment with a cutting tool for producing the square of its size. This first aim has been fulfilled as desired and 
success of about 98.7 has been achieved in the secondary goal. In the future, the tool will be studied in detail and 
required modifications shall be provided, thus, there are certainly chances of 100% success rate. It can also be made 
of the cutting tool materials such as High speed steel, carbide etc, which can allow the manufacturing of the 
components as explained in the given project. 
The tool as designed and replicated in Unigraphix is shown in below figure. 
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Figure 13 
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